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Abstract 
Purpose: Several image-based retrospective sorting methods of 4D Magnetic Resonance Imaging (4D 
MRI) have been proposed for respiratory motion reconstruction in external beam radiotherapy. 
However, the optimal strategy for providing accurate and artefact-free 4D MRI, ideally corresponding 
to an average breathing cycle, is not yet defined. This study presents a proactive comparison of three 
published image-based sorting methods, to define a groundwork for benchmarking in 4D MRI. 
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Methods: Three published 4D MRI methods were selected for image retrospective sorting; body area, 
mutual information and navigator slice. The three image-based methods were compared against a 
conventional retrospective sorting method based on an external surrogate. Comparisons were 
performed by means of an MRI digital phantom, derived from the XCAT CT phantom generated with 
different patient-derived signals, for a total of twelve cases. Specific multi-slice MRI acquisitions 
were simulated for slice sorting and sagittal, coronal and axial orientations were tested. An average 
4D cycle was generated as ground truth. 
 
Results: Individual and grouped patient analyses showed better performance of the navigator slice and 
mutual information in amplitude binning with respect to the body area strategy. Binning artefacts 
were reduced on the diaphragm with the slice navigator method due to the acquired internal 
information. Tumor motion description accurately matched the ground truth in the mutual information 
strategy with amplitude binning. The body area method followed the performance of the external 
surrogate and presented larger errors, since was not correlated with the internal anatomy. Sagittal and 
coronal orientations reported lower errors than axial slicing. Individual analysis showed the need of a 
patient-specific evaluation for the selection of the best method.  
 
Conclusions: A comparison between three different image-based retrospective sorting methods for 4D 
MRI is proposed, providing guidelines for benchmark definition in MRI-guided radiotherapy.  
 
 
keywords: 4DMRI, time-resolved MRI, retrospective sorting, MRI-guidance, image-guided 
radiotherapy. 
 
 
1. Introduction 
Accurate quantification and compensation of breathing-induced anatomical changes are key 
factors in X-ray [1] and particle [2] therapy for the treatment of thoraco-abdominal sites. When 
respiratory motion is not adequately accounted for during image guided radiotherapy, significant 
artefacts may appear, thus jeopardizing accurate quantification. Various motion mitigation techniques 
have been developed to either improve breathing regularity or limit motion [1], such as gating or 
breath-hold, however their effectiveness can be limited due to patient discomfort and compliance. 
Image acquisition and treatment under free breathing conditions remains an important goal for 
external beam radiotherapy treatments [1,3]. 
 
The use of time-resolved (4D) imaging is increasingly used in radiotherapy when organ motion 
due to respiration is involved, with the aim of providing more accurate treatment planning and 
delivery [1,4,5]. The standard clinical workflow in thoraco-abdominal oncologic imaging is 
represented by computed tomography (CT). Specifically, 4D CT represents 3D volumes in different 
respiratory phases, resulting in the description of an average, representative breathing cycle [6]. 
However, this technique encounters limitations in: exposing patients to additional dose, not 
representing inter-cycle respiratory motion variability and suffering from artefacts due to retrospective 
sorting. As a consequence, target delineation errors and systematic treatment uncertainties can 
compromise the treatment accuracy, especially in particle therapy, where geometric errors may alter 
the shape of the dose distribution [3,7].  
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In recent years, the intrinsic features of time-resolved Magnetic Resonance Imaging (4D MRI) 
have highlighted this image modality as ideal for organ motion management, as an alternative to X-
ray imaging [4,5]. Specifically, relevant 4D MRI features include the absence of ionizing radiation, 
the enhanced soft-tissue contrast and the efficient temporal resolution of fast MR sequences. 
However, due to the limited frequency at which well-contrasted full 3D volumes can be acquired [8], 
rapidly acquired 2D multi-slice MRI data are retrospectively sorted and stacked. In conventional 
approaches, derived from 4D CT, images are sorted retrospectively using an external surrogate 
[9,10,11]. The latter may not correlate well with the actual internal motion [12,13] and the limited 
accuracy in breathing state identification may result in artefacts [14,15]. 
 
Several techniques have been reported specifically for 4D MRI sorting, aimed at providing 
artefact-free volumes and improving temporal resolution.  
One of the first retrospective sorting methods was proposed by von Siebenthal and colleagues [16], 
which introduced an interleaved multi-slice 2D sequence with 2D navigator slices, providing an 
internal signal for driving image sorting. Extensions of this approach were presented with the aim of 
providing alternative strategies based on navigator acquisitions [17,18], and novel solutions based on 
this approach to simultaneously acquire image and navigator slices have been recently proposed [19]. 
Other strategies rely on the extraction of the internal surrogates directly from the acquired image 
slices, without the need of adding a navigator frame and therefore result in a lower acquisition time. 
Surrogates able to capture the anatomic variation due to breathing motion can be derived, such as the 
so-called “body area” [20,21,22], as well as the use of image similarity measures between slices 
[23,24]. 
 
K-space under-sampling strategies can be an alternative in 4D reconstruction [25,26, 27,28,29]. 
However, k-space methods are not always available in MR clinical scanners, thus requiring tailored 
pulse sequences and reconstruction algorithms. Therefore, image-based approaches are a good 
compromise in the current clinical workflow, with the previously mentioned methods forming the 
basis for novel implementations, that are expected in the near future, thanks to the recent development 
of in-room MRI systems integrated with treatment units [30,31,32,33]. Hence, a benchmarking study 
is a timely topic to provide guidelines for image-based 4D MRI sorting and drive its use in the clinical 
practice [10,34]. 
 
The aim of this work is to provide the validation and comparison of three published image-based 
retrospective 4D MRI methods for radiation therapy under respiratory motion. In this scenario, three 
basic retrospective image sorting methods from the literature are compared by means of a digital MRI 
phantom described in a previous study [35]. This phantom represents an in-silico platform to simulate 
patient-specific MR multi-slice acquisitions and compare 4D retrospective sorting methods. 
Specifically, we tested navigator slice [16], body area [20,22] and mutual information [23] on MR 
dataset coming from twelve patients, and we evaluated them with respect to a conventional 
retrospective sorting method based on an external surrogate. Quantitative ranking of sorting quality 
allowed us to propose a comprehensive individual and grouped patient evaluation of the investigated 
methods. 
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2. Materials and Methods 
2.1. Dataset 
Comparison among the selected methods were performed by means of an MRI version of the 
extended cardiac-torso (XCAT) phantom CT digital phantom [36], described in a previous study [35].  
Simulations were performed with different free-breathing patient-derived signals and tumor 
positions acquired in Lee et al. [37]: Superior-Inferior (SI) and Anterior-Posterior (AP) motion of 
tumor, diaphragm and chest were given as input to the XCAT phantom. Specifically in Lee and 
colleagues [37], seven non-small cell lung cancer (NSCLC) patients underwent two MR imaging 
sessions, the second session occurring 3-6 weeks after the first, for a total of twelve cases. Each 
session involved imaging the patient during free breathing [37], by means of cine-MRI acquisitions 
over several breathing cycles (≈2/3 minutes) yielding lung tumor and diaphragm motion. Tumor 
motion was extracted from the centroid of the segmented tumor; the segmentation was performed by a 
region-growing algorithm. Diaphragm motion was derived by means of a derivative function on the 
diaphragm region. External breathing motion of chest motion was monitored by the Siemens PMU 
belt. In our simulations, free-breathing signals were interpolated to achieve the acquisition time 
reported in Section 2.2, whereas the average cycle signals were derived as the mean values of the free-
breathing signals over ten respiratory phases. Table I shows the patient motion data that were 
replicated in the phantom simulations. 
 
Dynamic 3D CT volumes were derived from the above patient-specific signals by means of the 
XCAT phantom. Then, the CT volumes were converted in terms of MRI data relying on the MRI 
phantom CoMBAT [35] (Figure 1A). The CoMBAT phantom allows the estimation of MR tissue 
parameters, simulation of dedicated abdominal MR sequences, modelling of radiofrequency coil 
response and noise, followed by k-space sampling and image reconstruction. For our study, volumes 
for 2D multi-slice acquisitions were simulated with a dynamic T2/T1-weighted sequence (i.e. 
TrueFISP), typically used for retrospective 4D MRI [23]. For details on simulated parameters, refer to 
the following Section 2.2. 
 
 
An average 4D cycle (10 respiratory phases) was also generated as ground truth for the 
retrospective sorting methods assessments (Figure 1D), in order to simulate the average, 
representative respiratory cycle. This is put forward as the ideal reference in time-resolved image-
guidance. Mean signals were therefore derived from the patient signals (as described above) and used 
to generate the ground truth 4D MRI phantom composed of 10 respiratory bins. 
 
 
2.2. Simulated MR acquisition parameters 
Balanced Steady State Free Procession MRI sequence (i.e. TrueFISP) was simulated with the 
CoMBAT phantom with the following parameters (similar to [23]) for all the orientations: 
 repetition time (TR)/echo time (TE): 2.3 ms/1.2 ms,  
 flip angle: 68°,  
 accelerating factor: 2  
 k-space subsample: 60% 
 signal-to-noise ratio (SNR): 20dB. 
 number of frames: 2048 frames. A replication of the respiratory signal was performed in case 
of a short patient acquisition which would compromise the anatomical coverage. 
 acquisition matrix: 384×256 (frequency encoding × phase encoding) pixels over 40 slices. 
 image acquisition time of ≈ 180 ms. 
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 total acquisition time of ≈ 6 minutes. 
 in-plane resolution: 1×1mm in sagittal, coronal and axial orientations.  
 slice thickness: 2mm. This thickness was selected in accordance to [20]. 
The field of view (FOV) of the simulated volume (i.e. corresponding to acquisition matrix) was 
selected to cover both diaphragm and tumor for sagittal and coronal directions, while for axial 
orientations we centred the FOV in the diaphragm region, since increased acquisition time would be 
required to achieve the same anatomical coverage in SI direction of sagittal and coronal slices. 
 
2.3. 4D MRI retrospective sorting 
Three 4DMRI methods were selected for retrospective sorting (10 bins) (Figure 1B and 1C):  
(i) body area (BA) [20,22]: simulation of cine-like [10,20,22] acquisition 
(1,1,1,…,2,2,2,…40,40,40) was performed to derive the BA surrogate. This sampling is 
mandatory to allow the derivation of a reliable BA surrogate. The body area volume, 
representing the expansion of the body area due to respiratory motion, was extracted via 
image segmentation and represented as the number of pixels within the body contour. The BA 
surrogate was then derived by plotting the number of pixels as a function of image acquisition 
time at each slice location. Baseline was removed from the image-based surrogate to avoid 
variation of the breathing curve due to respiration and anatomic changes. For this approach, 
just phase binning was performed, as reported in the original manuscript. This because 
anatomic changes could affect the amplitude binning, even if baseline removal is applied. 
(ii) mutual information (MI) [23]: an interleaved multi-slice acquisition 
(1,3,5,…39,2,4,6,….40,…) [10,23] was generated to simulate the avoidance of cross-talk 
effects between slices which could compromise the mutual information metric. The method 
consisted in computing mutual information values between the multi-slice series and 
corresponding slices in a reference 3D volume. The MI values were subsequently ordered as a 
function of the image acquisition time to derive the image-based surrogate.  For this 
approach, both phase (p) and amplitude (a) binning were implemented (MIp/MIa, 
respectively) as reported in [23]. In our implementation, the exhale respiratory phase of the 
4D average cycle was used as reference volume. 
(iii) navigator slice (NAVI) [16]: simulation of interleaved data slices with a navigator slice 
(1,navi,2,navi,3,navi,…40,navi,1,…) was performed. The navigator slices were simulated in 
the sagittal direction and used to drive the retrospective sorting. Specifically, to find 
corresponding data at a different slice position, we compared navigator frames before and 
after the data to the preceding and the subsequent navigator frames of each acquired candidate 
frame. The comparison was performed on structures displacement by means of template 
matching on four different regions of interest (ROIs), manually selected on tumor, diaphragm 
and two relevant abdominal structures (e.g. vessels), respectively. Slices acquired between 
consecutive navigators with similar motion were binned together by minimizing a cost 
function, which contains the displacements in the preceding and subsequent navigator frames 
summed over all the considered ROIs. The image-based surrogate can be then represented as 
the minimized cost function for all the frames. It should be also noted that since the NAVI 
approach requires the selection of a reference breathing cycle to compare motion with, the 
breathing cycle more similar to the average cycle was selected (Pearson’s correlation, 
alpha=5%). The Euclidian distance between the selected breathing cycle and the average one 
was computed. 
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The three image-based retrospective sorting methods were additionally evaluated with respect to a 
conventional retrospective sorting method based on the external surrogate (EXT) representing 
chest motion, with both phase and amplitude binning (EXTp/EXTa). 
 
2.4. Quantitative and statistical analysis 
An evaluation of the derived image-based surrogates was firstly performed to assess the quality of 
the signal used to retrospectively sort MRI slices. Specifically, Pearson’s correlation (alpha=5%) was 
computed between the image-based surrogate and the ground truth signals used to generate the 
phantom.  
Then, quantitative volumetric analyses (Figure 1E) were performed to assess the capability of the 
method to derive a 4D MRI close to the average cycle. This was performed in terms of distance 
between the resorted and ground truth (i.e. average cycle) 4D MRI volumes for each corresponding 
respiratory phase (i.e. for each bin). Specifically, automatic segmentation (i.e. thresholding) of both 
tumor and diaphragm profile was performed and quantitative metrics were computed. These included 
center of mass distance (COM) and dice coefficient (DSC) for tumor and diaphragm distance (DD). 
For the axial orientation, analysis on a liver vessel was performed instead of on the tumor (i.e. not 
included in the FOV). Sorting artefacts were also quantified as the root mean square fitting error of 
the diaphragm profile (diaphragm fitting, DF) (as in 24). Table II reports a summary of the acronyms 
used in this manuscript. 
Individual patient and grouped analyses were performed on the derived 4D MRI, in order to 
evaluate the performance of the methods on a single case or over the whole patient population for 
each metric used for quantitative assessment. Similarly to van Herk [38], the systematic error for each 
patient was defined as the median of errors over the 10 respiratory phases, whereas the grouped 
systematic error as the median of errors among all patients. A Friedman test at 5% significance level 
was applied as statistical grouped analysis. 
 
 
3. Results 
3.1. Individual patient analysis in 4D MRI 
Ranges of correlation values between the derived image-based surrogates (BA, MI and NAVI) 
and the ground truth signals are reported in Table III for sagittal, coronal and axial orientations. NAVI 
presented the same correlation in both sagittal, coronal and axial direction, since only sagittal 
navigator slices were investigated. Regarding the definition of a reference breathing cycle for NAVI, 
the correlation between the selected breathing cycle and the average one in terms of chest motion was 
in a median of 0.8 among all patients, with a distance of 1.1±2.3mm (distances above 3mm were 
measured for P06 and P07). 
Figure 2 shows a qualitative representation of the three retrospective sorting methods (BA, MIa, 
NAVI) for a representative case patient with a regular (P0101) and an irregular (P0601) breathing 
pattern, in sagittal, coronal and axial acquisitions, respectively. Visually, lower artefacts were present 
in patients with regular breathing patterns compared to irregular ones.  
Regarding the volumetric analysis, the COM for sagittal orientation (Figure 3) ranged between 
1.0-6.9mm for BA, 1.0-6.0mm/0.7-6.5mm for MIa/MIp and 0.8-7.2mm for NAVI. The Dice 
Coefficient (DSC) metric was instead around 0.5 for irregular patients and 0.9 for regular ones for all 
the methods. DD ranged from approximately 1.0 to 20mm for all cases. Artefacts in the diaphragm 
fitting (DF) were instead quantified as 1.7-10.3mm for BA, 0.7-4.9mm for MIa, 0.9-7.0mm for MIp 
and 0.7-3.3mm for NAVI. Considering conventional external-based sorting EXTa/EXTp, errors 
ranged between 1.1-6.7/1.0-6.6mm for COM and 1.5-5.8/1.6-6.6mm for DF. 
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For the coronal orientation (supplementary materials), the COM ranged from 2.0-6.2mm for BA, 1.7-
8.0mm for MIa and MIp and 1.7-7.3mm for NAVI. DD were quantified as between 1.0 and 19.7mm. 
DF was 3.2-12.5mm for BA, 1.5-6.6mm/1.7-8.1mm for MIa/MIp and 1.5-4.6mm for NAVI. For 
EXTa/EXTp, errors of 2.3-7.6mm for COM and 2.5-7.3/2.6-11.3mm for DF were measured.  
For the axial orientation (supplementary materials), errors in COM were 1.1-27.2mm among all the 
methods with lower DSC, as well as increased DF (3.5-9.7mm). DD errors ranged approximately 1.7-
15.5mm for all cases. 
For patients with a large diaphragm motion and a tumor motion of 7/8mm (P0102, P0201, P0701, 
P0702), variations > 5mm were observed in diaphragm metrics (e.g. DD) compared to the tumor 
metrics (e.g. COM or DSC). If tumor motion in the SI direction was around 20mm (P0601 and 
P0602), higher variations were observed also for the tumor metrics (Figure 3). For these cases, lower 
correlation values (<0.4) were derived between the image-based surrogate and the ground truth tumor 
signals. 
Figure 4 highlights two metrics (COM and DF) as a function of patient motions for all methods in the 
sagittal orientation. For tumors with small motion, all the methods provided low COM errors, whereas 
for tumors with large motion, MIa presented lower COM error (panel A and B). In few cases, MIp 
and BA provided lower COM errors. For minimising DF, NAVI was the best approach for different 
motions of tumor and diaphragm (panel C and D).  
 
3.2. Grouped patient analysis in 4D MRI 
Among all patients, mean correlation values (Table III) between the image-based surrogate and 
ground truth signals were quantified >0.7 for diaphragm (MI and NAVI) and chest motion (MI, NAVI 
and BA, this latter for sagittal and axial only). Mean correlation values < 0.7 were observed for tumor 
motion. BA surrogates in the coronal direction presented a correlation < 0.4 with respect to ground 
truth signals.   
Figure 5 shows the boxplot for each method over the twelve cases (crosses denote significant 
difference, Friedman test, alpha=5%).  
For all orientations, DD for MI and NAVI presented distances from the ground truth (i.e. 4D average 
cycle) below 4mm. Specifically, DD for MIa and NAVI were significantly different from EXT and 
BA metric. Moreover, DF for NAVI were lower than DF obtained with all the other methods 
(1.1±1.2mm, 1.6±1.3mm, 5.2±1.6mm for sagittal, coronal and axial orientations), followed by MIa 
(1.8±1.9mm, 2.2±1.9mm, 5.4±1.7mm for sagittal, coronal and axial orientations). For sagittal and 
coronal orientations, DF for NAVI was significantly different from all the other methods. DF in EXT 
and BA was significantly higher compared to other methods in sagittal and coronal but not in axial 
orientations. Worse results in the computed metrics were observed in BA for coronal orientation with 
respect to other methods (e.g. above 5mm in DD, whereas below 4mm for other methods). 
For the tumor region, MIa metrics (DSC and COM) were significantly different from BA for sagittal 
orientation. For the coronal orientation, significant differences were observed in MIa with respect to 
the external surrogate. For the axial orientation, a liver vessel was selected since the tumor was not 
visible in the FOV: in this case, the median of COM errors was comparable to DD one.  
 
 
4. Discussions 
4.1. Study motivation 
In this work, we proposed a comparative study between three image-based sorting 4D MRI 
methods (BA, MI and NAVI) by means of a digital MRI phantom animated with patient derived 
breathing signals.  
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To our knowledge, the few studies reporting a quantitative comparison between retrospective 
sorting methods do not include an analysis of different image-based approaches. In one of these 
studies [39], visual biofeedback based on an MR-compatible active control device was investigated 
and compared to a free-breathing acquisition, with the aim to regularize respiration and reduce 
artefacts. Li et al. [34] directly compared an internal surrogate (1D navigator) with a concurrently 
acquired external surrogate (bellows respiratory signal). In this study, binning artefacts that were 
especially prominent at the diaphragm were much reduced when using the internal surrogate, 
suggesting the need for anatomical internal signals rather than external surrogates. In the study 
proposed by Paganelli et al. [23], only one image-based approach was investigated and amplitude 
binning was shown to be more robust against breathing irregularities in both external and internal 
surrogate with respect to phase binning. In this framework, it seemed worthwhile to enrich the already 
reported analyses with a quantitative assessment of the performances of different image-methods, 
overcoming the lack of a 4D MRI ground truth to be used for reference by means of a digital phantom 
fed with patient-derived breathing signals. In our in-silico study, we designed simulations of multi-
slice MRI acquisitions specifically suited to compare image-based retrospective 4D MRI approaches. 
This allowed to compare image-based surrogates with respect to ground truth signals, in order to 
evaluate the quality of the surrogate used for retrospective sorting. Furthermore, it was possible to 
generate a reference 4D ground truth, describing the average respiratory cycle, which represents a 
conventional, although not exhaustive, standard for benchmarking methods in time-resolved image-
guidance [5].   
 
As a matter of fact, the adoption of the average breathing cycle as ground truth reference therefore 
implies a relevant range of motion reduction with respect to the multi-slice acquisition, which 
provides a continuous motion information, thus capturing inter-breath variability. This is especially 
visible for patients with irregular breathing (as with P0702 in Table 1), where the average respiratory 
cycle is not able to describe breathing cycle-to-cycle variations. Moreover, there does not exist a one-
by-one correspondence between the slices of the ground truth 4D MRI and those acquired during 
different breathing cycles of the simulated multi-slice acquisition, thus hindering a possible 
comparison of each slice to where it originated from in the ground truth 4D MRI. The average 4D 
MRI can however be considered as a validation tool, providing a stable and reproducible reference to 
test different methods under the same breathing conditions. As such, the capability of the phantom to 
provide a ground truth is crucial for the application of 4D MRI techniques in the clinic.  
 
4.2. MRI phantom simulation 
Parameters for MRI phantom simulations were mainly derived from the literature [23]. Only slice 
thickness was instead selected in accordance to [20], since the BA method requires a limited slice 
thickness (e.g. no more than 2mm) to avoid blocks in the derived body area surrogate. The same total 
acquisition time was used for all the methods, whereas a different anatomical coverage was 
considered for sagittal, coronal and axial orientations (e.g. FOV centred in the diaphragm for axial 
direction). This was motivated by the need to compare the methods on the same total acquisition time, 
which would be instead compromised if the FOV would have been extended in the SI direction for the 
axial orientation.   
A specific slice ordering was simulated for each method in order to better exploit the potential of each 
strategy. For example, the BA approach cannot be applied with an interleaved acquisition, since 
continuous acquisition over one slice is needed to depict the body area motion over a breathing cycle. 
Similarly, for NAVI, a navigator slice needs to be acquired to drive the sorting, whereas the MI 
strategy requires an interleaved acquisition to avoid cross-talk effects which can affect the similarity 
measure.  
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Our simulations were focused only on three image-based retrospective sorting and not on k-space 
raw data, since k-space retrospective sorting methods are rarely implemented in typical clinical MR 
scanners. However, the CoMBAT phantom [35] allows to simulate 2D or 3D k-space data and could 
be applied also for exploring the potentials of k-space sorting methods. In this case, a different 
phantom simulation would be required (volumes should be generated every repetition time instead of 
every image acquisition time). Methods could also be tested according to variations in MRI 
parameters, such as image contrast (e.g. SNR), image acquisition time, FOV or k-space sampling (e.g. 
accelerating factor for parallel imaging). Future applications will therefore rely on the extension of the 
proposed workflow to other image-based and also to k-space-based 4D MRI methods.  
Moreover, improvements of the MR digital phantom should also be taken into consideration to 
better simulate real image acquisition and analysis on real patient data, with specific definition of a 
ground truth, will be needed for a more realistic assessment of 4D MRI strategies. 
    
4.3. Individual patient analysis 
The performance of the derived image-based surrogate for each method was quantified with 
respect to the ground truth signals. Additionally, a volumetric analysis was performed in terms of 
different metrics, aiming at evaluating the tumor (COM and DSC) and the diaphragm reconstruction 
(DD and DF) with respect to the 4D ground truth and the presence of binning artefacts.  
From the individual analysis, we noted that for patients with regular breathing patterns, higher 
surrogate correlations and lower volumetric errors were quantified with respect to cases simulated 
with irregular breathing in all the metrics. In patients P06 and P07 (i.e. most irregular patients) the 
multi-slice range of motion differed from the average cycle and the correlation between external and 
internal motion was poor, with a consequent worsening of the performance of each 4D retrospective 
sorting method. Moreover, higher variabilities were observed on the analyzed metrics among patients 
with more irregular breathing pattern and with different tumor/diaphragm motion. For irregular 
patients a specific analysis should be therefore required for the selection of the optimal 4D resorting 
method according to a selected metric. 
 For most of the cases, NAVI was the optimal strategy for artefact reduction, while MIa seemed to 
outperform in tumor motion compensation. However, in all the orientations, for few singular cases 
(mainly irregular patients), EXTa, BA and MIp exhibited lower errors in tumor metrics and 
diaphragm distance. In terms of orientations, quantitative results suggest the use of sagittal and 
coronal directions rather than axial (see Section 4.4 for additional details). By means of the provided 
phantom simulations, analysis on tumor/diaphragm range of motion and signal regularity can be 
therefore considered as a predictable pattern to drive the selection of the more reliable 4D MRI 
method according to clinical needs, as shown in Figure 5. 
 
4.4.  Grouped patient analysis 
Similarly to the individual analysis, in the grouped patient analysis, NAVI and MI surrogates 
better described the diaphragm respiratory signals than BA one, which provided correlation >0.7 just 
for chest motion in sagittal and axial directions. For the tumor signals, correlations were <0.7 for all 
methods. As regards the volumetric reconstruction, NAVI and MIa performed better than MIp and 
BA in providing 4D MRI with reduced artefacts on diaphragm. Few significant differences were 
instead observed on the tumor metrics among all methods, with MIa presenting lower errors for tumor 
motion compensation in the sagittal and coronal directions. The BA strategy and conventional EXT 
performed the worst in comparison to all the other approaches for most of the analyzed metrics. 
The good performance of NAVI in reducing artefacts depends on the availability of an internal 
navigator which guides the retrospective sorting. However, some constraints are present in the 
implementation. First, it relies on the selection of a breathing cycle to collect slices with similar 
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motion, which may not be representative of the real average respiratory cycle. In our work, we 
selected the breathing cycle showing a motion pattern similar to the average one (correlation of 0.8); 
however higher distances from the ground truth were measured for patients with irregular breathing 
patterns, confirming the deviation from the ideal average breathing cycle as a result of irregular 
breathing (as stated in Section 4.1). In addition, the selection of different ROIs over the navigator slice 
should be also investigated in future simulations, in order to account for their effect on tumor motion 
description. 
From a clinical perspective, the NAVI approach includes the need for sequence modification and a 
longer scanning time, as navigator images are acquired purely for sorting purposes. However, even if 
the NAVI approach takes twice as long than the other methods, scanning time was the same for all the 
simulations and good performance was achieved despite interleaved acquisitions with a navigator. 
Recent developments in multi-slice imaging [19] are expected to overcome the extended scanning 
time of the NAVI method. 
The MI approach provides similar results to NAVI in terms of surrogate signals and 4D sorting. 
Good accuracy was achieved on tumor in the amplitude binning approach, thanks to its capability to 
select slices with high image similarity. In most of the cases amplitude binning provided betters 
results than phase binning, being this result in agreement with the literature [23]. However, this 
method requires a stable reference volume to compute a similarity measure among corresponding 
slices within the multi-slice acquisition. This reference volume should be acquired in breath-hold or 
gating, limiting its stability for patients who present compliance difficulties or irregular breathing 
patterns. In this study, the reference volume was selected as the exhale respiratory phase of the 4D 
average cycle, which is typically considered the most stable respiratory phase. This choice might have 
polarized positively the performance evaluation in the 4D sorting. Further investigations are also 
required for the derivation of a stable reference volume directly from series data, as reported in [23]. 
Differently from NAVI, it does not require the acquisition of a navigator image, thus potentially 
reducing total acquisition time. 
As far as BA is concerned, drawbacks are: (i) it does not provide information of the internal 
anatomy and (ii) requires a cine-like slice ordering. The body area signal in fact depicts the thoraco-
abdominal expansion, without focusing on internal structures. This is confirmed by BA surrogate 
correlation (>0.7) with the chest motion only, in sagittal and axial directions. Also, the cine-like 
ordering limits the acquisition of each single slice over one/one-half breathing cycle, in contrast to the 
interleaved slice sampling able to cover different respiratory cycles. The BA method additionally 
imposes constraints on slice thickness (e.g. no more than 2mm as in our simulations) to prevent 
inaccuracies in the body area surrogate, affecting volume coverage and subsequent potential 
improvements in scanning time. It should be noted that in our implementation, we only tested phase 
sorting (as reported in the original studies [20,22]), since amplitude binning would be more sensitive 
in artifacts due to changing anatomy.  
A comparative evaluation of the above-mentioned image-based approaches was also performed 
with respect to conventional sorting based on an external surrogate. Even if worse results could be 
expected for EXT, in our study the external signal was used to generate the phantom itself, thus acting 
as an internal surrogate, with results comparable to the BA strategy. This further confirmed the 
propensity of the BA image-based method to better describe chest motion rather than 
diaphragm/tumor motion. 
The proposed workflow also tested methods’ performance in sagittal, coronal and axial slice 
orientations. For all the methods, higher errors were observed in the axial orientation since it 
represents the main direction of out-of-plane motion (SI motion). This aspect should be further 
investigated by simulating different slice thicknesses. It is however expected that sagittal and coronal 
slices should be preferred in 4D MRI to allow a better motion description of both tumor and healthy 
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surrounding tissues. Comparable results were achieved in sagittal and coronal orientations, except for 
BA performance in the coronal direction, which presented limited surrogate correlations (<0.4) due to 
reduced respiratory motion with respect to the other two directions. However, this result could be 
affected by a limitation of the XCAT phantom, in which no RL motion was included. Additionally, it 
should be also noted that for NAVI, only a sagittal navigator slice was simulated in our study for all 
the orientations; therefore, further analyses with a coronal navigator slice could be considered. 
   
 
5. Conclusions 
In this work, we presented a comparison between three different image-based 4D MRI strategies 
proposed in the literature, with an additional evaluation with respect to a conventional sorting method 
based on an external signal. Our study envisaged the simulations of multi-slice MRI acquisitions by 
means of an MRI digital phantom, aimed at providing a reliable tool to test 4D retrospective sorting. 
In our comparative analysis, we demonstrated that good performance was achieved by the navigator 
slice approach and the mutual information with amplitude binning in the sagittal or coronal 
orientations, even if a patient-specific evaluation of the optimal image-based 4D MRI method could 
be required. 
In conclusion, the application of retrospective sorting methods on the CoMBAT phantom provided a 
validation approach and a reproducible strategy which are typically not possible on patient data, due 
to the absence of proper real-time 4D MRI and variability in patient breathing.  
We put forward the potential of this platform for in-silico studies focusing on the comparison, 
development and improvement of 4D MRI methods, as well as for the definition of clinical guidelines 
in MRI-guidance for the clinical end-user.  
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Figure List 
 
Figure 1. The proposed workflow. 3D XCAT images were generated for 2048 frames and converted 
in MRI data in both axial, sagittal and coronal orientations (A). 2D multi-slices acquisitions were 
simulated in cine-like/interleaved/with navigator fashion (B) for all the orientations (a representation 
of the axial orientation is reported in the figure; n stands for navigator). 4D retrospective sorting in 10 
respiratory bins (C) was then performed in terms of different methods (BA, MIa/MIp, NAVI) and 
compared with the ground truth average breathing cycle (D). The comparison was performed for each 
bin in terms of both tumor and diaphragm analysis (E). Only axial simulations are displayed. 
 
Figure 2. 4D MRI. (A) Reconstructed MRI at the exhale (ex) and inhale (in) of two representative 
patients with regular (P0101) and irregular (P0601) breathing patterns with three different 
retrospective sorting methods (BA, MIa and NAVI) to show artefacts. Sagittal: coronal view. 
Coronal: sagittal view. Axial: sagittal view. (B) Qualitative representation of the phantom anatomy 
with tumor position (arrow) in the sagittal view, with the relevant respiratory motion (80 sec) of chest 
(AP), diaphragm (SI) and tumor (SI), for the regular (P0101) and irregular (P0601) patients. 
 
Figure 3. Individual patient analysis – sagittal orientation. COM, DSC, DD and DF computed for the 
external surrogate (EXTa/EXTp) and the three image-based retrospective sorting methods (BA, 
MIa/MIp and NAVI) for each patient. The horizontal edges of each box represent the 25
th
, 50
th
 and 
75
th
 percentile values. Whiskers represent other points extending out to 1.5 times the interquartile 
range. Any points beyond the whiskers (‘+’) are considered outliers. 
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Figure 4. Errors as a function of patient motion in the three image-based methods for the sagittal 
orientation. (A) COM vs. tumor motion in SI and diaphragm motion in SI. (B) COM vs. tumor motion 
in SI and chest motion in AP. (C) DF vs. tumor motion in SI and diaphragm motion in SI. (D) DF vs. 
chest motion in AP and diaphragm motion in SI. Black dots indicate the position of the patient motion 
values (e.g. Diaphragm SI and Tumor SI in panel A). 
 
Figure 5. Grouped patient analysis. COM, DSC, DD and DF computed for the external surrogate 
(EXTa/EXTp) and the three image-based retrospective sorting methods (BA, MIa/MIp and NAVI) for 
all the patients in the sagittal, coronal and axial orientations. The horizontal edges of each box 
represent the 25
th
, 50
th
 and 75
th
 percentile values. Whiskers represent other points extending out to 1.5 
times the interquartile range. Any points beyond the whiskers (‘+’) are considered outliers. Crosses 
(×) denote significant difference with the colour identifying the error populations comparison 
(Friedman test, alpha=5%). 
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Table I. Patient data for phantom simulations. Free-breathing signal (multi-slices) vs. average cycle 
(average) in terms of range of motion [mm], mean period [s] and tumor radius [mm]. Mean period is 
quantified as the average respiratory cycle over the multi-slice acquisition. Tumor radius is the same 
for each session of each patient. 
 
  Range of motion  
[mm] 
Mean period 
[s] 
Tumor radius 
[mm] 
  Chest  
AP 
Diaphragm  
SI 
Tumor 
AP 
Tumor 
SI 
 
AP 
 
P0101 multi-slices 4.0 16.0 4.0 8.0 
4.8 
7.5 
 average 2.4 9.6 1.4 5.8 
P0102 multi-slices 13.2 29.7 1.0 6.8 
3.7 
 average 7.4 18.6 0.8 3.9 
P0201 multi-slices 19.6 32.6 2.0 8.8 
7.4 12.0 
 average 17.5 23.8 0.2 4.0 
P0301 multi-slices 7.6 19.0 7.0 5.7 
3.5 
9.6 
 average 6.4 10.3 3.0 1.6 
P0302 multi-slices 10.0 19.9 3.7 7.3 
3.7 
 average 7.2 10.7 1.0 2.4 
P0401 multi-slices 3.5 14.6 3.6 3.6 
2.4 
6.7 
 average 2.5 7.9 1.9 1.6 
P0402 multi-slices 6.7 13.3 4.6 4.8 
3.0 
 average 3.6 6.9 2.0 1.9 
P0501 multi-slices 8.5 26.5 4.0 6.0 
4.5 8.9 
 average 5.9 9.8 0.4 1.6 
P0601 multi-slices 13.3 36.5 1.0 18.5 
3.5 
7.7 
 average 9.6 11.8 0.1 8.0 
P0602 multi-slices 31.0 41.9 2.0 21.8 
2.7 
 average 7.8 12.7 0.2 6.5 
P0701 multi-slices 27.8 38.6 4.9 6.7 
4.1 
11.6 
 average 13.3 14.8 1.7 1.0 
P0702 multi-slices 56.9 27.5 7.5 8.8 
3.5 
 average 28.6 3.7 1.1 0.8 
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Table II. A summary of the acronyms used in this study. 
4D RETROSPECTIVE SORTING METHODS 
BA body area 
MIa mutual information with amplitude binning 
MIp mutual information with phase binning 
NAVI navigator slice 
METRICS FOR QUANTITATIVE VOLUMETRIC ANALYSIS 
COM tumor center of mass distance with respect to ground truth 
DSC tumor dice coefficient with respect to ground truth 
DD diaphragm distance with respect to ground truth 
DF root mean square error of the diaphragm fitting 
 
 
 
 
 
Table III. Correlation values (range and mean in absolute values) between the derived image-based 
surrogates and the ground truth signals, in sagittal, coronal and axial simulations. 
  BA MI NAVI 
  tumor 
SI 
tumor 
AP 
diaphragm 
SI 
chest 
AP 
tumor 
SI 
tumor 
AP 
diaphragm 
SI 
chest 
AP 
tumor 
SI 
tumor 
AP 
diaphragm 
SI 
chest 
AP 
S
a
g
it
ta
l 
range 0.1-
0.8 
0.1-0.5 0.2-0.9 0.7-
0.9 
0.2-
0.9 
0.1-0.6 0.3-1.0 0.7-
1.0 
0.0-
0.9 
0.0-0.6 0.3-1.0 0.4-
1.0 
mean 0.4 0.3 0.6 0.8 0.5 0.4 0.7 0.9 0.6 0.4 0.8 0.8 
C
o
ro
n
a
l 
range 0.0-
0.3 
0.0-0.3 0.1-0.6 0.1-
0.7 
0.0-
0.9 
0.0-0.6 0.4-1.0 0.6-
1.0 
0.0-
0.9 
0.0-0.6 0.3-1.0 0.4-
1.0 
mean 0.2 0.1 0.3 0.4 0.5 0.4 0.7 0.9 0.6 0.4 0.8 0.8 
A
x
ia
l 
range 0.2-
0.9 
0.1-0.6 0.1-1.0 0.9-
1.0 
0.0-
0.8 
0.0-0.6 0.6-1.0 0.7-
1.0 
0.0-
0.9 
0.0-0.6 0.3-1.0 0.4-
1.0 
mean 0.5 0.3 0.6 0.9 0.5 0.3 0.7 0.9 0.6 0.4 0.8 0.8 
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